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When delivered into gastric epithelial cells via type IV
secretion, Helicobacter pylori CagA perturbs host
cell signaling and thereby promotes gastric carcino-
genesis. However, themechanisms of CagA delivery,
localization, and action remain poorly understood.
We show that direct contact of H. pylori with epithe-
lial cells induces externalization of the inner leaflet
enriched host phospholipid, phosphatidylserine, to
the outer leaflet of the host plasma membrane.
CagA, which is exposed on the bacterial surface via
type IV secretion, interacts with the externalized
phosphatidylserine to initiate its entry into cells.
CagA delivery also requires energy-dependent host
cell processes distinct from known endocytic path-
ways. Within polarized epithelial cells, CagA is teth-
ered to the inner leaflet of the plasma membrane
through interaction with phosphatidylserine and
binds the polarity-regulating host kinase PAR1/
MARK to induce junctional and polarity defects.
Thus, host membrane phosphatidylserine plays
a key role in the delivery, localization, and patho-
physiological action of CagA.
INTRODUCTION
Infection withHelicobacter pylori cagA-positive strains is associ-
ated with the development of gastric carcinoma, the second-
leading cause of cancer-related death worldwide (Peek and
Blaser, 2002; Hatakeyama, 2008). The oncogenic bacterium
delivers the cagA gene-encoded CagA protein into gastric
epithelial cells via the cag pathogenicity island (PAI)-encoded
type IV secretion system (TFSS) (Segal et al., 1999; Asahi
et al., 2000; Backert et al., 2000; Odenbreit et al., 2000; Stein
et al., 2000). Delivered CagA localizes to the inner surface of
the plasma membrane, where it undergoes tyrosine phosphory-
lation at the C-terminal EPIYA motifs by host cell kinases
(Hatakeyama, 2004; Backert et al., 2008). Tyrosine-phosphory-Celllated CagA acquires the ability to specifically interact with and
aberrantly activate SHP-2 tyrosine phosphatase, a bona fide
oncoprotein whose mutations have been found in a variety of
human malignancies (Higashi et al., 2002; Hatakeyama, 2004).
CagA-deregulated SHP-2 elicits sustained Erk MAP kinase
activation while inducing an extremely elongated cell shape
known as the hummingbird phenotype (Higashi et al., 2004).
CagA also binds and deregulates Csk kinase and Crk adaptor
in a tyrosine phosphorylation-dependent manner and c-Met
receptor kinase andGrb2 adaptor in a phosphorylation-indepen-
dent manner (Tsutsumi et al., 2003; Suzuki et al., 2005; Churin
et al., 2003; Mimuro et al., 2002). Furthermore, CagA interacts
with partitioning-defective 1 (PAR1)/microtubule affinity-regula-
tion kinase (MARK) in a tyrosine phosphorylation-independent
fashion and inhibits the kinase activity, resulting in induction of
junctional and polarity defects (Amieva et al., 2003; Bagnoli
et al., 2005; Saadat et al., 2007). Hence, the bacterial protein
functionally mimics mammalian scaffolding/adaptor proteins
and thereby manipulates host signaling molecules to promote
gastric carcinogenesis (Peek, 2005; Hatakeyama, 2008). Consis-
tent with this notion, CagA activities reported to date are strictly
dependent on the ability of CagA to localize at the inner surface
of the plasma membrane in the host cells (Higashi et al., 2002,
2005; Bagnoli et al., 2005; Saadat et al., 2007). Oncogenic
potential of CagA was recently confirmed by a study showing
that transgenic mice systemically expressing CagA spontane-
ously develop gastrointestinal and hematological malignancies
(Ohnishi et al., 2008).
The presence of TFSS in H. pylori was first revealed by the
homology of cag PAI-encoded proteins to basic components
of an archetypal TFSS, the Agrobacterium tumefaciens VirB/
D4 system (Christie et al., 2005). TFSS is a supramolecular
protein assembly that constitutes a substrate translocation
channel spanning the inner and outer membranes of Gram-
negative bacteria and a pilus-like structure protruding from
the bacterial surface (Christie et al., 2005; Fronzes et al.,
2009). Electron microscopic analyses have indicated that
TFSS of H. pylori is present in the form of needle-like projec-
tions, which may serve as a conduit for CagA transport (Rohde
et al., 2003). Alternatively, CagA might move along the outer
surface of the TFSS needle to the tip of the pilus before delivery
into the host cells (Rohde et al., 2003). A recent study has alsoHost & Microbe 7, 399–411, May 20, 2010 ª2010 Elsevier Inc. 399
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pylori TFSS, with integrins a5/b1 is crucial for the translocation
of CagA into host cells (Kwok et al., 2007). However, molecular
mechanisms through which CagA transverses across the
plasma membrane remain poorly understood. Also, little is
known about the mechanism by which delivered CagA is teth-
ered to the inner surface of the plasma membrane, where it
acts as a scaffolding/adaptor.
In eukaryotic cells, the outer leaflet of the plasmamembrane is
enriched with choline-containing phospholipids and glycosphin-
golipids, whereas the inner leaflet is enriched with amine-
containing phospholipids such as phosphatidylserine (PS),
phosphatidylethanolamine (PE), phosphatidic acid (PA), and
phosphatidylinositol (PI) (Daleke and Lyles, 2000). Recent
studies have shown that asymmetric distribution of the
membrane phospholipids plays an important role in signal trans-
duction (Lemmon, 2008). When cells begin to undergo
apoptosis, a collapse of lipid asymmetry occurs with concomi-
tant exposure of PS at the outer leaflet of the plasmamembrane,
which serves as an ‘‘eat me’’ signal for phagocytes (Zwaal et al.,
2005). A transient and reversible PS externalization, which is
induced by a nonapoptotic signaling, has also been demon-
strated in various cellular situations (Bevers et al., 1983; Goth
and Stephens, 2001; Gautier et al., 2003; Mercer and Helenius,
2008; Soares et al., 2008).
In this work, we found that physical interaction of H. pylori
CagA with host membrane PS, which is aberrantly externalized
at the site of H. pylori attachment, plays a key role in the delivery,
intracellular localization, and pathophysiological activity of
CagA.
RESULTS
Exposure of PS by H. pylori
Several obligate and facultative intracellular bacteria can
induce rapid and transient PS exposure upon infection
(Goth and Stephens, 2001). Given this, we sought to investigate
whether infection with H. pylori is also capable of inducing non-
apoptotic PS externalization in host cells. To test this possi-
bility, AGS human gastric epithelial cells or Madin-Darby canine
kidney (MDCK) cells were infected by H. pylori and stained with
annexin V (a probe of externalized PS) or propidium iodide (a
measure of cell death). The results of the experiment revealed
the appearance of PS on the outer leaflet of the host plasma
membrane, specifically at sites of H. pylori attachment (Figures
1A and 1B). As previously reported, H. pylori preferentially
adhered to the tight junctions during infection with polarized
MDCK cells (Figure S1A) (Amieva et al., 2003), where external-
ized PS was specifically detected (Figure 1B). Surface
exposure of PS by H. pylori was rapid and transient, with noFigure 1. Externalization of PS by H. pylori Infection
(A) Confocal x-y plane views of H. pylori (green, anti-H. pylori antibody), PS (red
infected with the indicatedH. pylori strains for 3 hr at a multiplicity of infection (mo
signals were arbitrarily chosen without any selection bias and the number of red s
alization of green (H. pylori) and red (PS) signals (bar graphs in right panels). The
(B) Confocal x-z plane views ofH. pylori (green), PS (red), and DAPI (blue) staining.
a moi of 200. Scale bar, 10 mm.
(C) DNA histogram of AGS cells with or without H. pylori infection using prop
NCTC11637 strain for 3 hr at a moi of 100. H2O2 was used to induce apoptosi
Cellovert signs of apoptosis as inferred by propidium iodide stain-
ing (Figure 1C). PS externalization required infection with viable
H. pylori, but was independent of CagA, cag PAI, or VacA
(Figure 1A).
Transiently externalized PS can serve as a portal of cell entry of
macromolecules via endocytosis (Kenis et al., 2004). We thus
postulated that H. pylori-triggered PS externalization is associ-
ated with the translocation of CagA into host cells. To test this
hypothesis, we examined the effect of treatment with annexin
V or anti-PS antibody on CagA delivery during H. pylori infection.
To quantitate theCagA protein delivered into host cells,H. pylori-
infected cells were extracted with phosphate-buffered saline
(PBS)/0.1% saponin, which lyses mammalian cells but not
bacteria (Figure S2A) (Odenbreit et al., 2000). The results of the
experiments revealed that the level of CagA translocation was
significantly decreased upon treatment of cells with annexin V
or anti-PS antibody (clone 1H6) (Figures 2A, S2B, and S2C).
Hence, delivery of CagA by H. pylori is impaired when surface-
exposed PS is concealed by annexin V or anti-PS antibody.
Incomplete inhibition of CagA delivery may be due to insufficient
amount of annexin V or anti-PS antibody used. Indeed, a dose-
response experiment showed that the inhibition of CagA delivery
by annexin V was yet to be saturated within the concentrations
that we examined (Figure S2D). However, partial inhibition could
also be due to multivalent binding of the bacterium to the cell
surface, which might override the ability of annexin V or antibody
to compete. Also notably, whereas both annexin V and anti-PS
antibody (1H6) efficiently bind to PS, their lipid-binding activities
are not strictly specific to PS. The result, therefore, does not
formally exclude the possibility that other minor phospholipids,
which are also recognized by annexin V or anti-PS antibody
(1H6), cooperate with PS during the entry process of CagA.
Treatment of cells with an anti-CagA antibody also reduced the
level of CagA delivered into host cells (Figures 2B and S2C).
The results indicated that CagA is exposed on the bacterial
surface or released from the bacterium and that the exposed
or releasedCagA is delivered into host epithelial cells via amech-
anism that utilizes externalized PS. Because CagA was not
detectable in the supernatant of H. pylori culture (data not
shown), it was unlikely that large amounts of CagA proteins
were secreted from H. pylori into the culture. On the other
hand, electron microscopic analysis using immunogold-labeled
anti-CagA antibody showed the presence of CagA on the
surface of H. pylori (Figure 2C). Although CagA has been report-
edly localized to pilus-like structures on the surface of H. pylori
(Rohde et al., 2003; Kwok et al., 2007), such structures were
not observed in our electron microscopic study. We suspect
that the pilus-like structures were fragile and were destroyed
during fixation processes that we employed for sample
preparation., annexin V), and nuclear (blue, DAPI) staining. AGS cells were uninfected or
i) of 100. Scale bar, 10 mm. For the quantitation study of colocalization, 25 green
ignals colocalized with the green signals was counted. Yellow indicates coloc-
results were reproducible in three independent experiments.
PolarizedMDCK cells were infected withH. pyloriNCTC11637 strain for 3 hr at
idium iodide staining. AGS cells were uninfected or infected with H. pylori
s as a control.
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Figure 2. Role of PS in CagA Delivery
(A) AGS cells were uninfected or infected with
H. pylori NCTC11637 strain for 2 hr at a moi of
100 in the presence or absence of annexin V
(upper) or anti-PS antibody (lower). Cells were
resuspended in PBS/0.1% saponin, and protein
extracts were subjected to immunoblotting with
the indicated antibodies. Error bars, ±SD (n = 3);
*p < 0.05, Student’s t test.
(B) AGS cells were uninfected or infected with
H. pylori NCTC11637 strain for 2 hr at a moi of
100 in the presence or absence of anti-CagA anti-
body. Cells were resuspended in PBS/0.1%
saponin, and protein extracts were subjected to
immunoblotting with the indicated antibodies.
Error bars, ±SD (n = 3); *p < 0.05, Student’s t test.
(C) AGS cells were infected with H. pylori
NCTC11637 strain (left) or NTCT11637-derived
DcagA isogenic strain (right) for 5 hr at a moi of
100 and then subjected to immunoelectron
microscopy. Arrows indicate CagA on the surface
of H. pylori. Scale bar, 200 nm.
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The above-described observations raised the possibility that
CagA, which is exposed on the bacterial surface via TFSS,
directly interacts with PS that is aberrantly externalized at
the plasma membrane of host cells upon H. pylori infection.
To investigate this idea, we set out to determine whether
CagA can directly bind phospholipids, especially PS. To do402 Cell Host & Microbe 7, 399–411, May 20, 2010 ª2010 Elsevier Inc.so, recombinant CagA protein was
prepared and overlaid onto nitrocellulose
membrane filters spotted with 100 pmol
of each phospholipid. As shown in
Figure 3A, full-length CagA (ABC-type
CagA derived from H. pylori 26695 strain)
strongly bound to PS. Full-length CagA
also bound to PI, although the interaction
was much weaker than the CagA-PS
interaction (Figure 3A). Like full-length
CagA, the N-terminal CagA fragment
(residues 1–876), CagA-NT, strongly
bound to PS, and the CagA-PS interac-
tion was inhibited by excess PS
(Figure 3A and data not shown). Hence,
CagA specifically interacts with PS via
the N-terminal CagA region (residues
1–876). Notably, CagA-NT acquired the
ability to bind to PI3-phosphate (PI3P),
PI4-phosphate (PI4P), and PI5-phos-
phate (PI5P), though much less efficiently
compared to the interaction between
CagA-NT and PS (Figure 3A). This obser-
vation indicated that the artificial deletion
of the C-terminal region reduces CagA
specificity to phospholipids, enabling
interaction of CagA-NT with phospho-
lipids other than PS. In contrast to
CagA-NT, the C-terminal CagA fragment(residues 877–1186), CagA-CT, gave only faint signals for several
phospholipids, which were much weaker than that generated
by the interaction of full-length CagA or CagA-NT with PS
(Figure 3A). Since phospholipids are hydrophobic while nega-
tively charged, such weak signals may be due to nonspecific
protein-phospholipid interactions through a hydrophobic bond
or ionic bond.
Figure 3. Direct Binding of CagA to PS
(A) Schematics of H. pylori 26695 strain-derived CagA (ABC-type CagA) and its derivatives, CagA-NT and CagA-CT. His indicates 6xHistidine epitope-tag (left).
Lipid-binding assay on filters was performed using recombinant CagA proteins. The three filters were treated simultaneously and the filter exposure times were
the same (right).
(B) Comparison of K-Xn-K/RXR-containing sequences in CagA with those of several PH domains. Sequences of the PH domains (PKB/Akt, Grp1, PDK1, and
PLCd), the split PH domains (ROCK), and regions surrounding ‘‘K-Xn-K/RXR’’ motifs in NCTC11637-derived CagA were aligned. Conserved K/R residues are
shown in red.
(C) Schematics of H. pylori NCTC11637 strain-derived CagA (ABCCC-type CagA) and its derivatives, CagA-R116/118A and CagA-619/621A. His indicates
6xHistidine epitope-tag (left). Lipid-binding assay on filters was performed using mutant CagA proteins. The two filters were treated simultaneously, and the filter
exposure times were the same (right).
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lipids. Among those, pleckstrin homology (PH) domain is best
known for its ability to bind acidic phospholipids, usually PI
and/or PS (Lemmon, 2008). Canonical PH domain possesses
a basic consensus motif (K-Xn-K/R-X-R) within the b1-b2 loop
region, in which the basic side chains from lysine and arginineCellmediate interaction with most phosphate groups (Wen et al.,
2008). Although CagA does not possess canonical PH domains,
closer inspection of the sequences revealed that the CagA
protein derived from the H. pylori NCTC11637 strain (ABCCC-
type CagA) possesses two K-Xn-R-X-R motifs, R116 and R118
and R619 and R621 (Figure 3B). To investigate whether theHost & Microbe 7, 399–411, May 20, 2010 ª2010 Elsevier Inc. 403
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action, we replaced each of the twoR-X-R sequenceswith the A-
X-A sequence and generated recombinant CagA-R116/118A
and CagA-R619/621A proteins in E. coli (Figure S3). Using the
recombinant CagA mutants, we performed a lipid-binding assay
for phospholipids and found that whereas CagA-R116/118A
bound PS like wild-type CagA, CagA-R619/621A lost the ability
to bind PS (Figure 3C). These observations indicated that
membrane-externalized PS serves as a specific receptor for
CagA and that the CagA-PS interaction requires the K-Xn-R-X-
R motif present in the central region of CagA.
To substantiate the importance of the CagA-PS interaction in
CagA delivery by H. pylori, we generated NCTC11637-derived
isogenic H. pylori mutants that produce HA-tagged wild-type
CagA (strain HA-WT-CagA-1) and HA-tagged CagA-
R619/621A (strains HA-R619/621A-1 and HA-R619/621A-2) by
homologous recombination (Figure 4A). The saponin-extraction
experiment revealed that infection of AGS cells with strain HA-
R619/621A-1 or HA-R619/621A-2 failed to deliver the CagA-
R619/621A mutant into gastric epithelial cells (Figure 4B, upper).
Antiphosphotyrosine immunoblotting analysis, which specifi-
cally detects the CagA proteins that have been tyrosine phos-
phorylated by host cell kinases, confirmed that CagA-R619/
621A was not delivered into host cells from the isogenic H. pylori
strains producing themutant CagA (Figure 4B, lower left). To rule
out the possibility that the impaired CagA delivery was due to
a defect in TFSS, we tested the ability of the H. pylori strains to
induce IL-8 secretion. Induction of IL-8 in host cells was almost
comparable among the isogenicH. pylori strains producing wild-
type andmutant CagA species (Figure 4B, lower right), indicating
that they have functional TFSS (Fischer et al., 2001). These
observations indicated that interaction of CagA with PS is criti-
cally involved in the delivery of CagA into the host cell.
Requirement of Active Host Cell Processes for CagA
Delivery
PS externalization is reportedly accompanied by increased
membrane permeability (Bouchier-Hayes et al., 2008). Accord-
ingly, we postulated that the CagA-PS interaction on the plasma
membrane activates host cell machineries that mediate CagA
delivery into cells. Consistent with this idea, treatment of host
cells with vanadate, which inhibits ATPases, or depletion of
ATP from host cells prior to infection with cagA-positive H. pylori
substantially reduced the level of CagA translocation (Figures
5A, 5B, S4A, and S4B). Also, depletion of membrane cholesterol
reduced delivery of CagA into host cells by H. pylori, as
previously described (Figures 5C and S4C) (Lai et al., 2008).
Furthermore, latrunculin B, which binds monomeric actin and
thereby inhibits actin polymerization that mediates endosomal
trafficking, impaired CagA delivery into host cells (Figures 5D,
S4D, and S4F). These observations collectively indicated that
CagA is delivered into host cells by a mechanism that is depen-
dent on host cell machineries.
Endocytosis is a basic cellular process used to internalize
a variety of molecules in both physiological and pathological
conditions (Tre´hin and Merkle, 2004; Mayor and Pagano, 2007;
Doherty andMcMahon, 2009). Accordingly, we next investigated
the possible involvement of endocytic processes in CagA
delivery. Mechanistically, endocytosis can be divided into those404 Cell Host & Microbe 7, 399–411, May 20, 2010 ª2010 Elsevier Inthat are clathrin dependent and those that are clathrin indepen-
dent (Figure S4G) (Mayor and Pagano, 2007; Doherty and
McMahon, 2009). Knockdown of the clathrin heavy chain
(CHC) or AP-2 m chain (AP50), which is critical for clathrin-depen-
dent endocytosis, did not affect the translocation of CagA into
host cells (Figure 5E). Hence, CagA delivery is independent of
clathrin. Although clathrin-independent endocytic mechanisms
are not well understood, they can be subdivided into four
subtypes: RhoA-regulated, CDC42-regulated, Arf6-dependent,
and caveolar-mediated mechanisms (Figure S4G) (Mayor and
Pagano, 2007). Of these, the RhoA-regulated endocytosis and
caveolar-mediated endocytosis also require dynamin. Inhibition
of dynamin by a specific inhibitor dynasore or siRNA, however,
did not affect CagA translocation (Figures 5F and S4E and
data not shown). Likewise, knockdown of RhoA, CDC42, or
Arf6 did not affect CagA internalization (Figures S4H–S4J). Inhi-
bition of PAK1, a downstream effector of Rho family GTPases
involved in certain types of endocytic processes (Doherty and
McMahon, 2009), also failed to affect CagA internalization
(Figure S4K). Furthermore, treatment of cells with amiloride,
a specific inhibitor of macropinocytosis, an actin-dependent
endocytic process used to internalize large amounts of fluid,
had no effect on the translocation of CagA (Figures S4L–S4N).
From these observations, we concluded that host cell processes
involved in CagA delivery are distinct from known endocytic
processes.
Mechanism of Intracellular Localization of CagA
After delivery into the host cells, CagA is localized to the inner
leaflet of the plasma membrane. It was previously reported that
the C-terminal EPIYA motif acts as a membrane-targeting
signal of CagA in nonpolarized epithelial cells (Higashi et al.,
2005). In contrast, in polarized epithelial cells, a CagA region
that is distinct from the C-terminal EPIYA-containing region is
thought to be important for the membrane association of
CagA (Bagnoli et al., 2005; Saadat et al., 2007). To investigate
the subcellular distribution of CagA-NT and CagA-CT, we ex-
pressed CagA-NT or CagA-CT in polarized MDCK cells and
costained with PAR1b, which is membrane localized under
polarized condition (Figure 6A). We also expressed CagA-NT
or CagA-CT together with a fusion protein composed of green
fluorescence protein and the C2 domain of lactadherin (GFP-
Lact-C2), which specifically recognizes PS and therefore acts
as a membrane probe in nonpolarized MDCK cells (Figure 6B)
(Yeung et al., 2008). As a result, CagA-NT, which contains the
N-terminal and central PS-binding regions (residues 1–876),
was associated with the plasma membrane under a polarized
condition, whereas it was localized to the cytoplasm under a
nonpolarized condition (Figures 6A, 6B, and S5A). Conversely,
CagA-CT, consisting of residues 877–1186, was present in the
cytoplasm under a polarized condition, but was membrane
associated under a nonpolarized condition (Figures 6A, 6B,
and S5A). Hence, CagA employs at least two distinct mecha-
nisms for membrane association, depending on the status of
epithelial polarity. Since PS content represents up to 20%–
30% of the total phospholipids in the inner leaflet of the plasma
membrane (Lemmon, 2008), we postulated that PS is again
utilized for the membrane tethering of CagA after delivery into
polarized epithelial cells. To test this idea, we expressedc.
Figure 4. Role of CagA-PS Interaction in CagA Delivery
(A) Generation of H. pylori NCTC11637 isogenic strains carrying mutant cagA gene. Schematic view of targeting DNA constructs for hemagglutinin (HA) epitope-
tagged wild-type CagA (HA-WT-CagA) and HA-tagged CagA-R619/621A (HA-CagA-R619/621A). Kanamycin-resistance gene (KnR) was used for the selection of
recombinant strains.
(B) AGS cells were infected with an H. pylori NCTC11637 isogenic strain producing HA-WT-CagA (strain HA-WT-CagA-1) or HA-CagA-R619/621A (strains HA-
R619/621A-1 and HA-R619/621A-2 generated independently) for 3 hr at a moi of 100. Host cell proteins were extracted with PBS/0.1% saponin and were sub-
jected to immunoblotting with the indicated antibodies (upper). Cells were lysed in lysis buffer (50mMTris-HCl [pH 7.5], 100mMNaCl, 5mMEDTA, 10%glycerol,
and 1% Triton X-100) containing 2 mM sodium orthovanadate, and cell lysates were subjected to immunoblotting with the indicated antibodies (lower left).
Expression of IL-8 mRNA relative to GAPDH mRNA was determined by quantitative RT-PCR. Error bars, ±SD (n = 3); *p < 0.05, Student’s t test (lower right).
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which cannot bind PS, in polarized MDCK cells. Upon staining,
CagA-R116/118A was associated with the plasma membrane.
In contrast, CagA-R619/621A was predominantly distributed
to the cytoplasm (Figures 6C, S5B, and S5D). We also ex-
pressed the membrane marker GFP-Lact-C2 together withCellwild-type CagA or CagA-R619/621A in polarized MDCK cells
and found that GFP-Lact-C2 colocalized with wild-type CagA,
but not with CagA-R619/621A (Figure S5C). Although the
possibility remains that a small fraction of CagA-R619/621A
was also bound to the membrane, these results indicated
that CagA-R619/621A is primarily distributed to the cytoplasm.Host & Microbe 7, 399–411, May 20, 2010 ª2010 Elsevier Inc. 405
Figure 5. Requirement of Host Cell Machinery for CagA Delivery
(A) AGS cells were treated with vanadate for 15 min prior to infection with H. pylori NCTC11637 strain for 1 hr at a moi of 100. Error bars, ±SD (n = 4); **p < 0.01,
Student’s t test.
(B) AGS cells were treated with 20 mM sodium azide (NaN3) and 50 mM 2-deoxy-D-glucose (2-DG) for 1 hr prior to infection with H. pylori NCTC11637 strain for
1 hr at a moi of 100.
(C) AGS cells were treated with lovastatin for 1 hr prior to infection with H. pylori NCTC11637 strain for 1 hr at a moi of 100.
(D) AGS cells were infected with H. pylori NCTC11637 strain for 1 hr at a moi of 100 in the presence or absence of latrunculin B. Error bars, ±SD (n = 3); *p < 0.05,
Student’s t test.
(E) AGS cells were transfected with clathrin heavy chain (CHC)-specific siRNA, AP50-specific siRNA, or luciferase-specific siRNA (control siRNA). At 48 hr after
siRNA transfection, cells were uninfected or infected with H. pylori NCTC11637 strain at a moi of 100 and cultured for an additional 3 hr (left). At 48 hr after siRNA
transfection, cells were treated with Alexa 488-conjugated transferrin (green) for 5 min at 37C. Nuclei were visualized by DAPI staining (blue). Scale bar, 10 mm
(right).
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H. pylori CagA-Phosphatidylserine InteractionThis, in turn, suggested that in polarized epithelial cells, deliv-
ered CagA is tethered to the inner leaflet of the plasma
membrane via CagA-PS interaction.
Requirement of CagA-PS Interaction
in Polarity-Dependent CagA Activity
Membrane localization has been shown to play a crucial role in
the pathophysiological actions of CagA (Higashi et al., 2002,
2005; Bagnoli et al., 2005; Saadat et al., 2007). The finding
that the CagA-R619/621A mutant cannot stably associate with
the membrane in polarized epithelial cells therefore raised the
possibility that the CagA mutant lacks polarity-dependent
CagA functions. It has previously been reported that expression
of CagA in polarized epithelial cells causes extrusion of CagA-
expressing cells from the polarized monolayer (Amieva et al.,
2003). This CagA activity is dependent on CagA-PAR1 complex
formation and subsequent inhibition of the kinase activity of
PAR1 in polarized epithelial cells (Saadat et al., 2007). Accord-
ingly, we expressed CagA-R116/118A and CagA-R619/621A in
polarized MDCK monolayer and found that whereas CagA-
R116/118A caused extrusion of cells from the monolayer like
wild-type CagA, CagA-R619/621A failed to do so (Figure 6D).
The result indicated that CagA-R619/621A could not inhibit
PAR1 kinase activity below the critical threshold in polarized
epithelial cells. It has also been demonstrated that CagA-medi-
ated PAR1 inhibition provokes junctional and polarity defects,
which should contribute to the extrusion of CagA-expressing
cells from the polarized epithelial monolayer (Saadat et al.,
2007). Accordingly, we next investigated the effect of the
CagA mutants on tight junctions and epithelial polarity. Again,
both wild-type CagA and CagA-R116/118A were capable of
mislocalizing the tight junction markers ZO-1 and cingulin to
the apical membrane (Figures 6D and S5E). Moreover, CagA-
116/118A induced aberrant distribution of the apical marker
gp135 to the basolateral membrane and the lateral marker
E-cadherin to the apical membrane, like wild-type CagA. On
the other hand, expression of CagA-R619/621A did not have
any impact on tight junction integrity and epithelial polarity
(Figures 6D and S5E). These observations indicated that the
CagA-R619/621A mutant failed to inhibit PAR1 in polarized
epithelial cells and therefore could not induce junctional and
polarity defects and subsequent extrusion of cells from the
polarized monolayer. Hence, PS-mediated membrane tethering
is crucial for CagA to provoke biological activities that are
specific to polarized epithelial cells. Notably, however, CagA-
R619/621A still retained the ability to bind SHP-2 and induced
the hummingbird phenotype in nonpolarized AGS cells
(Figure 7), where a phosphorylation-resistant CagA mutant
(PR-CagA) neither bound SHP-2 nor induced the morphological
change as previously reported (Higashi et al., 2002). Accord-
ingly, CagA-PS interaction is primarily responsible for CagA
delivery and subsequent junctional and polarity defects in polar-
ized epithelial cells, pathophysiologically relevant cell targets
for H. pylori in vivo.(F) AGS cells were treatedwith dynasore for 30min prior to infectionwithH. pyloriN
AGS cells were treated with dynasore for 30 min prior to addition of Alexa 488-c
staining (blue). Scale bar, 10 mm (right). In (A)–(F), host cell proteins were extracte
with the indicated antibodies.
CellDISCUSSION
H. pylori CagA is the only effector protein thus far shown to be
translocated via H. pylori TFSS. Upon delivery, CagA manipu-
lates host cell signaling by acting as a bacterium-derived scaf-
folding/adaptor protein and thereby promotes gastric carcino-
genesis (Peek, 2005; Hatakeyama, 2008). The present work
uncovered an interaction between H. pylori CagA and host
plasmamembrane PS and showed that the CagA-PS interaction
plays a key role in mediating delivery, intracellular localization,
and pathophysiological action of CagA (Figure S6).
We first found that direct contact of H. pylori with the host cell
membrane induces rapid and transient externalization of PS,
which is independent of apoptotic process, at the site of bacte-
rial attachment. A previous study also demonstrated that
Chlamydia infection elicits PS externalization on the surface of
host cells (Goth and Stephens, 2001). Hence, the change in
membranous PS distribution is not unique to H. pylori and may
be triggered via physical interaction of the host plasma
membranewith certain types of live bacteria. Interestingly, exter-
nalized PS remained constrained to the patch of the membrane
that subtended the bacteria. One possible mechanism for this
observation is that lateral diffusion of PS in the outer leaflet of
the plasma membrane is specifically inhibited by bacterial
attachment. Alternatively, flippase activity may be specifically in-
hibited upon bacterial contact, and thus externalized PS remains
at the site of bacterial attachment, whereas laterally diffused PS
is rapidly translocated to the inner leaflet of the membrane by
flippases. We also found that CagA is exposed on the bacterial
surface. Surface-exposed CagA then binds to the externalized
PS, which serves as a portal site for CagA internalization.
Although CagA does not possess protein domains that can
bind phospholipids, it contains the K-Xn-R-X-R motif,
a sequence motif conserved among various PH domains that
is directly involved in the interaction with acidic phospholipids
such as PI and/or PS (Lemmon, 2008). Indeed, the CagA-PS
interaction requires the K-Xn-R-X-R motif present in the central
region of CagA. As is the case of the PH domain, the basic
side chains from lysine and arginine present in the K-Xn-R-X-R
motif of CagA may mediate interaction with phosphate groups
of PS (Wen et al., 2008). Expectedly, two arginine residues,
R619 and R621, that constitute the K-Xn-R-X-R motif in the
central region of H. pylori NCTC11637 strain-derived CagA are
highly conserved throughout CagA species, including those
from Western H. pylori strains (26695, G27, and J99) and East
Asian H. pylori strain (F75). On the other hand, arginine residues
(R116 and R118) that constitute another K-Xn-R-X-R motif in
NCTC11637 strain-derived CagA are neither required for the
CagA-PS interaction nor conserved among CagA species.
A. tumefaciens TFSS is the archetypal TFSS, which mediates
delivery of T-DNA and associated proteins (Christie et al., 2005;
Juhas et al., 2008). Even in the case of A. tumefaciens TFSS,
however, detailed mechanisms by which effector molecules
are delivered across the host membrane remain poorlyCTC11637 strain and throughout the infection period (1 hr) at amoi of 100 (left).
onjugated transferrin (green) for 5 min at 37C. Nuclei were visualized by DAPI
d with PBS/0.1% saponin, and cell extracts were subjected to immunoblotting
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Figure 6. Mechanism of CagA Membrane Localization
(A) Confocal x-y plane views of CagA (red), PAR1b (green), and DAPI (blue) staining. Polarized MDCK cells were transfected with Flag-tagged CagA-NT or HA-
tagged CagA-CT vector and stained with anti-PAR1b antibody together with anti-HA or anti-Flag antibody. Nuclei were visualized by DAPI staining. In polarized
epithelial cells, PAR1b localizes to the membrane. Scale bar, 5 mm. The fluorescence intensity changes of CagA and PAR1b signals across the orange line were
plotted as line intensity histograms in the right panels to evaluate membrane or cytoplasmic distribution of the CagA mutants.
(B) Confocal x-y plane views of CagA (red) and GFP-Lact-C2 (green) staining. Nonpolarized MDCK cells were transfected with Flag-tagged CagA-NT or HA-
tagged CagA-CT vector together with an expression vector for the membrane marker GFP-Lact-C2. Transfected cells were stained with anti-HA or anti-Flag
antibody. Scale bar, 10 mm. The fluorescence intensity changes of CagA and GFP-Lact-C2 signals across the blue line were plotted as line intensity histograms
in the right panels to evaluate membrane or cytoplasmic distribution of the CagA mutants.
(C) Confocal x-y plane views of CagA (red), E-cadherin (green), and DAPI (blue) staining. Polarized MDCK cells were transfected with HA-tagged CagA-
R116/118A or HA-tagged CagA-R619/621A vector and stained with anti-HA and anti-E-cadherin antibodies. In polarized epithelial cells, E-cadherin localizes
to the membrane. Scale bar, 5 mm.
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Figure 7. Biological Activities of CagA
Mutants that Cannot Bind PS
(A) Nonpolarized MDCK cells were transfected
with the indicated CagA vector. pSP65SRa empty
vector was used as a control. HA-PR-CagA, HA-
tagged phosphorylation-resistant CagA. Total
cell lysates (TCL) were immunoprecipitated (IP)
or immunoblotted (IB) with the indicated anti-
bodies.
(B) AGS cells were transfected with the indicated
CagA vector, and the number of hummingbird
cells was counted. Control, pSP65SRa vector;
HA-PR-CagA, HA-tagged phosphorylation-resis-
tant CagA. Error bars, ±SD (n = 3); *p < 0.005,
**p < 0.001, Student’s t test (left). Expression levels
of each CagA species are shown (right).
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action is necessary for CagA delivery into host cells. We also
showed that H. pylori exploits a eukaryotic cellular mechanism
for the translocation of CagA across the host plasmamembrane.
Although the molecular nature of the host machineries involved
in CagA delivery is presently unclear, it does not require clathrin,
dynamin, RhoA, CDC42, or ARF6. Hence, the process of CagA
delivery does not utilize endocytic pathways that have so far
been elucidated in mammalian cells. Furthermore, the process
is not inhibited by amiloride, excluding the involvement ofmacro-
pinocytosis in CagA delivery. Assuming that the interaction of
CagA with externalized PS creates a membrane pore or channel
that allows CagA translocation across the membrane, formation
of such an abnormal structure may require nonphysiological
membrane dynamics and actin cytoskeletal rearrangements in
host cells, which are aberrantly triggered by the CagA-PS inter-
action, to assist the cell surface remodeling (Figure S6). In this
regard, it is tempting to speculate that the reported CagL-b1-in-
tegrin interaction stabilizes the CagA-PS interaction (Kwok et al.,
2007). Since integrin activation has been shown to stimulate
entry of bacteria and viruses during infection (Isberg et al.,
2000; Meier et al., 2002), CagL-b1-integrin interaction might(D) Confocal x-z plane views of CagA (red), gp135, ZO-1, cingulin, and E-cadherin staining (green). Polarized
CagA, HA-tagged CagA-R116/118A, or HA-tagged CagA-R619/621A vector and stained with anti-gp135, an
Nuclei were visualized by DAPI staining (blue). Scale bar, 10 mm. Cells extruded from the polarized monolay
nucleus (stained blue) was positioned on top of the nuclei of neighboring cells in confocal x-z images. Number
expressing CagA are shown at the bottom.
Cell Host & Microbe 7, 399–also contribute to internalization of the
PS-bound CagA into host cells through
activation of integrin signaling. We note,
however, that attachment of H. pylori to
the apical membrane did not affect the
basolateral localization of b1-integrin in
polarized epithelial cells (Figure S1B).
In the host epithelial cells, delivered
CagA is tethered to the inner surface of
the plasma membrane. Our present work
indicated that CagA may utilize distinct
mechanisms for membrane association
depending on the status of epithelial cell
polarity. In polarized epithelial cells, inter-action of delivered CagA with PS that is selectively distributed to
the inner leaflet of the plasma membrane plays an important role
in CagA membrane association. The observation is in good
agreement with a previous report showing that the N-terminal
region of CagA, which contains the K-Xn-R-X-R motif that medi-
ates PS binding, is responsible for the membrane association of
CagA in polarized epithelial cells (Bagnoli et al., 2005).
Membrane-tethered CagA then initiates disruption of tight junc-
tions and causes loss of epithelial apico-basal polarity by inhibit-
ing kinase activity of PAR1 through physical complex formation
(Amieva et al., 2003; Bagnoli et al., 2005; Saadat et al., 2007). In
nonpolarized epithelial cells, however, CagA is localized to the
plasma membrane via a mechanism that is dependent on the
C-terminal EPIYA motif of CagA (Higashi et al., 2005). In this
case, CagA might be membrane tethered through interaction
with an EPIYA motif-binding protein, the expression and/or
membrane localization of which is again regulated in a polarity-
dependentmanner. Also, in nonpolarized epithelial cells, interac-
tion of the N-terminal CagA region with PS must be attenuated.
It is tempting to speculate that concentration or distribution
of PS on the inner leaflet of the plasma membrane may
change depending on the degree of epithelial polarity status,MDCK cells were transfected with HA-tagged WT-
ti-ZO-1, anti-cingulin, or anti-E-cadherin antibody.
er were defined as those in which a part of the cell
of cells extruded from the layer and number of cells
411, May 20, 2010 ª2010 Elsevier Inc. 409
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interaction.
The present work has revealed amechanismbywhichH. pylori
CagA oncoprotein sneaks into host cells and subverts host cell
functions. Strikingly, CagA exploits PS at both the outer and inner
leaflets of the host plasma membrane for entry and localization.
This makes it possible for CagA to act as a bacterium-derived
scaffolding/adaptor that contributes to neoplastic transformation
of gastric epithelial cells. Kierbel et al. recently reported that
Pseudomonas aeruginosa binds cell-cell junctions and activates
PI3K to generate PI3,4,5-trisphosphate (PIP3) at the apical
membrane (Kierbel et al., 2007). However, their work did not
demonstrate specific interaction of a particular Pseudomonas
protein with phospholipids. Thus, the present work establishes
physical and functional interaction of a bacterial virulence factor
with phospholipids. Our study underscores the importance of the
host membrane phospholipids during infection with microbial
pathogens, which may have great therapeutic implications.
EXPERIMENTAL PROCEDURES
Cell Culture and Transfection
MDCK II cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS). AGS cells were cultured in
RPMI 1640 medium supplemented with 10% FBS. Transfection was per-
formed using Lipofectamine 2000 reagent (Invitrogen; Carlsbad, CA). MDCK
II cells were cultured on Transwell (#3413, Corning; Lowell, MA) at 3 3 105
cells/cm2 for 3 days to prepare polarized epithelial cells.
Expression Vectors
pSP65SRa-derived expression vectors for hemagglutinin (HA)-tagged wild-
type CagA (H. pylori NCTC11637 strain-derived ABCCC-type CagA) and its
phosphorylation-resistant mutant (HA-PR-CagA), in which all the EPIYA motifs
were replaced by EPIAA sequence, have been described previously (Higashi
et al., 2002). HA-tagged CagA-R116/118A and HA-tagged CagA-R619/621A
were made from NCTC11637 strain-derived CagA (ABCCC-type CagA) by
site-directedmutagenesis.H. pylori 26695 strain-derived cagA, which encodes
an ABC-type CagA, was utilized to generate gene fragments encoding Flag-
tagged CagA-NT and HA-tagged CagA-CT, which correspond, respectively,
to residues 1–876 and 877–1186 of H. pylori 26695 strain-derived CagA (ABC-
type CagA). Resulting cagA gene fragments were inserted into pSP65SRa. An
expression vector for GFP-Lact-C2 wasmade by inserting Lact-C2 cDNA frag-
ment (provided by K. Tanaka) into pEGFP-C1 (Clontech; Mountain View, CA).
Bacteria and Production of Isogenic Mutant Strains
H. pyloriNCTC11637 strain and its isogenicmutantDcagA have been reported
previously (Higashi et al., 2004). H. pylori F57 strain carries an inactivation
mutation in the vacA gene. H. pylori G27 DcagPAI strain was provided by S.
Ding. H. pylori NCTC11637 strain-derived isogenic mutants carrying a gene
encoding HA-tagged wild-type CagA or HA-tagged CagA R619/621A were
generated by using natural transformation method (Haas et al., 1993).
Antibodies
Antibodies used in this work are described in the Supplemental Experimental
Procedures.
Immunoprecipitation and Immunoblotting
The detergent saponin (Sigma) was used for selective lysis ofmammalian cells.
Saponin destroys AGS cells but leaves H. pylori intact (Odenbreit et al., 2000).
Protein extracts were prepared by treating cells with phosphate-buffered
saline (PBS) containing 0.1% saponin.
Cell Staining
For immunostaining, cells with or without H. pylori infection were fixed with
Mildform 10N (Wako; Osaka, Japan) for 20 min and then permeabilized with
0.5% Triton X-100 for 20 min. The fixed samples were then treated with a410 Cell Host & Microbe 7, 399–411, May 20, 2010 ª2010 Elsevier Inprimary antibody and were visualized with Alexa Fluor-conjugated secondary
antibodies (Invitrogen). The nuclei were stained with 40,6-diamidino-2-phenyl-
indole dihydrochloride n-hydrate (DAPI). Images were acquired using confocal
microscope systems (FluoView, Olympus [Tokyo] and TCS-SPE, Leica [Man-
nheim, Germany]).H. pyloriwas detected using an anti-H. pylori antibody (AbD
Serotec; Oxford, UK). PS exposure was detected using Annexin V-Cy3 (Sigma;
St. Louis) according to the manufacturer’s instructions.
Purification of Recombinant CagA Proteins
Recombinant CagA proteins were purified as described in the Supplemental
Experimental Procedures.
Lipid-Binding Assay
PIP strips (P-6001, Echelon Biosciences; Salt Lake City, UT) were incubated
with 32 nM His-tagged recombinant CagA in 3% bovine serum albumin
(BSA) in Tris-buffered saline (TBS) for 15 hr at 4C. Blots were incubated
with the anti-His antibody as a primary antibody. The signals were visualized
using western blot chemiluminescence reagent.
Quantitative RT-PCR
Data were acquired using ABI PRISM 7700 Sequence detector (Perkin-Elmer).
Detailed procedures are described in the Supplemental Experimental
Procedures.
RNA Interference
Nucleotide sequences and transfection procedures are described in the
Supplemental Experimental Procedures.
Statistical Analysis
All data were evaluated using Student’s t test. p < 0.05 was considered to be
statistically significant.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and six figures and can be found with this article online at doi:10.1016/j.chom.
2010.04.005.
ACKNOWLEDGMENTS
We thank K. Tanaka, S. Ohno, G. Ojakian, and S. Ding for materials. This work
was supported by Grants-in-Aid for Scientific Research from the Ministry of
Education, Culture, Sports, Science and Technology (MEXT) of Japan and
by a research grant from the Mitsubishi Foundation.
Received: December 4, 2009
Revised: February 15, 2010
Accepted: March 24, 2010
Published: May 19, 2010
REFERENCES
Amieva, M.R., Vogelmann, R., Covacci, A., Tompkins, L.S., Nelson, W.J., and
Falkow, S. (2003). Disruption of the epithelial apical-junctional complex by
Helicobacter pylori CagA. Science 300, 1430–1434.
Asahi, M., Azuma, T., Ito, S., Ito, Y., Suto, H., Nagai, Y., Tsubokawa, M.,
Tohyama, Y., Maeda, S., Omata, M., et al. (2000). Helicobacter pylori CagA
protein can be tyrosine phosphorylated in gastric epithelial cells. J. Exp.
Med. 191, 593–602.
Backert, S., Ziska, E., Brinkmann, V., Zimny-Arndt, U., Fauconnier, A.,
Jungblut, P.R., Naumann, M., and Meyer, T.F. (2000). Translocation of the
Helicobacter pylori CagA protein in gastric epithelial cells by a type IV secretion
apparatus. Cell. Microbiol. 2, 155–164.
Backert, S., Feller, S.M., and Wessler, S. (2008). Emerging roles of Abl family
tyrosine kinases in microbial pathogenesis. Trends Biochem. Sci. 33, 80–90.
Bagnoli, F., Buti, L., Tompkins, L., Covacci, A., and Amieva, M.R. (2005).
Helicobacter pylori CagA induces a transition from polarized to invasive
phenotypes in MDCK cells. Proc. Natl. Acad. Sci. USA 102, 16339–16344.c.
Cell Host & Microbe
H. pylori CagA-Phosphatidylserine InteractionBevers, E.M., Comfurius, P., and Zwaal, R.F. (1983). Changes in membrane
phospholipid distribution during platelet activation. Biochim. Biophys. Acta
736, 57–66.
Bouchier-Hayes, L., Mun˜oz-Pinedo, C., Connell, S., and Green, D.R. (2008).
Measuring apoptosis at the single cell level. Methods 44, 222–228.
Christie, P.J., Atmakuri, K., Krishnamoorthy, V., Jakubowski, S., and Cascales,
E. (2005). Biogenesis, architecture, and function of bacterial type IV secretion
systems. Annu. Rev. Microbiol. 59, 451–485.
Churin, Y., Al-Ghoul, L., Kepp, O., Meyer, T.F., Birchmeier, W., and Naumann,
M. (2003). Helicobacter pylori CagA protein targets the c-Met receptor and
enhances the motogenic response. J. Cell Biol. 161, 249–255.
Daleke, D.L., and Lyles, J.V. (2000). Identification and purification of amino-
phospholipid flippases. Biochim. Biophys. Acta 1486, 108–127.
Doherty, G.J., and McMahon, H.T. (2009). Mechanisms of endocytosis. Annu.
Rev. Biochem. 78, 857–902.
Fischer, W., Pu¨ls, J., Buhrdorf, R., Gebert, B., Odenbreit, S., and Haas, R.
(2001). Systematic mutagenesis of the Helicobacter pylori cag pathogenicity
island: essential genes for CagA translocation in host cells and induction of
interleukin-8. Mol. Microbiol. 42, 1337–1348.
Fronzes, R., Scha¨fer, E., Wang, L., Saibil, H.R., Orlova, E.V., andWaksman, G.
(2009). Structure of a type IV secretion system core complex. Science 323,
266–268.
Gautier, I., Coppey, J., andDurieux, C. (2003). Early apoptosis-related changes
triggered by HSV-1 in individual neuronlike cells. Exp. Cell Res. 289, 174–183.
Goth, S.R., and Stephens, R.S. (2001). Rapid, transient phosphatidylserine
externalization induced in host cells by infection with Chlamydia spp. Infect.
Immun. 69, 1109–1119.
Haas, R., Meyer, T.F., and van Putten, J.P. (1993). Aflagellated mutants of Hel-
icobacter pylori generated by genetic transformation of naturally competent
strains using transposon shuttle mutagenesis. Mol. Microbiol. 8, 753–760.
Hatakeyama, M. (2004). Oncogenic mechanisms of the Helicobacter pylori
CagA protein. Nat. Rev. Cancer 4, 688–694.
Hatakeyama, M. (2008). SagA of CagA in Helicobacter pylori pathogenesis.
Curr. Opin. Microbiol. 11, 30–37.
Higashi, H., Tsutsumi, R., Muto, S., Sugiyama, T., Azuma, T., Asaka, M., and
Hatakeyama, M. (2002). SHP-2 tyrosine phosphatase as an intracellular target
of Helicobacter pylori CagA protein. Science 295, 683–686.
Higashi, H., Nakaya, A., Tsutsumi, R., Yokoyama, K., Fujii, Y., Ishikawa, S.,
Higuchi, M., Takahashi, A., Kurashima, Y., Teishikata, Y., et al. (2004). Helico-
bacter pylori CagA induces Ras-independent morphogenetic response
through SHP-2 recruitment and activation. J. Biol. Chem. 279, 17205–17216.
Higashi, H., Yokoyama, K., Fujii, Y., Ren, S., Yuasa, H., Saadat, I., Murata-
Kamiya, N., Azuma, T., and Hatakeyama, M. (2005). EPIYA motif is
a membrane-targeting signal of Helicobacter pylori virulence factor CagA in
mammalian cells. J. Biol. Chem. 280, 23130–23137.
Isberg, R.R., Hamburger, Z., and Dersch, P. (2000). Signaling and invasin-
promoted uptake via integrin receptors. Microbes Infect. 2, 793–801.
Juhas, M., Crook, D.W., and Hood, D.W. (2008). Type IV secretion systems:
tools of bacterial horizontal gene transfer and virulence. Cell. Microbiol. 10,
2377–2386.
Kenis, H., van Genderen, H., Bennaghmouch, A., Rinia, H.A., Frederik, P.,
Narula, J., Hofstra, L., and Reutelingsperger, C.P.M. (2004). Cell surface-ex-
pressed phosphatidylserine and annexin A5 open a novel portal of cell entry.
J. Biol. Chem. 279, 52623–52629.
Kierbel, A., Gassama-Diagne, A., Rocha, C., Radoshevich, L., Olson, J.,
Mostov, K., and Engel, J. (2007). Pseudomonas aeruginosa exploits a PIP3-
dependent pathway to transform apical into basolateral membrane. J. Cell
Biol. 177, 21–27.
Kwok, T., Zabler,D.,Urman,S.,Rohde,M.,Hartig,R.,Wessler,S.,Misselwitz,R.,
Berger, J., Sewald, N., Ko¨nig, W., and Backert, S. (2007). Helicobacter exploits
integrin for type IV secretion and kinase activation. Nature 449, 862–866.CellLai, C.H., Chang, Y.C., Du, S.Y., Wang, H.J., Kuo, C.H., Fang, S.H., Fu, H.W.,
Lin, H.H., Chiang, A.S., andWang, W.C. (2008). Cholesterol depletion reduces
Helicobacter pylori CagA translocation and CagA-induced responses in AGS
cells. Infect. Immun. 76, 3293–3303.
Lemmon, M.A. (2008). Membrane recognition by phospholipid-binding
domains. Nat. Rev. Mol. Cell Biol. 9, 99–111.
Mayor, S., and Pagano, R.E. (2007). Pathways of clathrin-independent endo-
cytosis. Nat. Rev. Mol. Cell Biol. 8, 603–612.
Meier, O., Boucke, K., Hammer, S.V., Keller, S., Stidwill, R.P., Hemmi, S., and
Greber, U.F. (2002). Adenovirus triggers macropinocytosis and endosomal
leakage together with its clathrin-mediated uptake. J. Cell Biol. 158,
1119–1131.
Mercer, J., and Helenius, A. (2008). Vaccinia virus uses macropinocytosis
and apoptotic mimicry to enter host cells. Science 320, 531–535.
Mimuro, H., Suzuki, T., Tanaka, J., Asahi, M., Haas, R., and Sasakawa, C.
(2002). Grb2 is a key mediator of helicobacter pylori CagA protein activities.
Mol. Cell 10, 745–755.
Odenbreit, S., Pu¨ls, J., Sedlmaier, B., Gerland, E., Fischer, W., and Haas, R.
(2000). Translocation of Helicobacter pylori CagA into gastric epithelial cells
by type IV secretion. Science 287, 1497–1500.
Ohnishi, N., Yuasa, H., Tanaka, S., Sawa, H., Miura, M., Matsui, A., Higashi, H.,
Musashi, M., Iwabuchi, K., Suzuki, M., et al. (2008). Transgenic expression of
Helicobacter pylori CagA induces gastrointestinal and hematopoietic
neoplasms in mouse. Proc. Natl. Acad. Sci. USA 105, 1003–1008.
Peek, R.M., Jr. (2005). Orchestration of aberrant epithelial signaling by Helico-
bacter pylori CagA. Sci. STKE 2005, pe14.
Peek, R.M., Jr., and Blaser, M.J. (2002). Helicobacter pylori and gastrointes-
tinal tract adenocarcinomas. Nat. Rev. Cancer 2, 28–37.
Rohde, M., Pu¨ls, J., Buhrdorf, R., Fischer, W., and Haas, R. (2003). A novel
sheathed surface organelle of the Helicobacter pylori cag type IV secretion
system. Mol. Microbiol. 49, 219–234.
Saadat, I., Higashi, H., Obuse, C., Umeda, M., Murata-Kamiya, N., Saito, Y.,
Lu, H., Ohnishi, N., Azuma, T., Suzuki, A., et al. (2007). Helicobacter pylori
CagA targets PAR1/MARK kinase to disrupt epithelial cell polarity. Nature
447, 330–333.
Segal, E.D., Cha, J., Lo, J., Falkow, S., and Tompkins, L.S. (1999). Altered
states: involvement of phosphorylated CagA in the induction of host cellular
growth changes by Helicobacter pylori. Proc. Natl. Acad. Sci. USA 96,
14559–14564.
Soares, M.M., King, S.W., and Thorpe, P.E. (2008). Targeting inside-out phos-
phatidylserine as a therapeutic strategy for viral diseases. Nat. Med. 14,
1357–1362.
Stein, M., Rappuoli, R., and Covacci, A. (2000). Tyrosine phosphorylation of
the Helicobacter pylori CagA antigen after cag-driven host cell translocation.
Proc. Natl. Acad. Sci. USA 97, 1263–1268.
Suzuki, M., Mimuro, H., Suzuki, T., Park, M., Yamamoto, T., and Sasakawa, C.
(2005). Interaction of CagA with Crk plays an important role in Helicobacter
pylori-induced loss of gastric epithelial cell adhesion. J. Exp. Med. 202,
1235–1247.
Tre´hin, R., and Merkle, H.P. (2004). Chances and pitfalls of cell penetrating
peptides for cellular drug delivery. Eur. J. Pharm. Biopharm. 58, 209–223.
Tsutsumi, R., Higashi, H., Higuchi, M., Okada, M., and Hatakeyama, M. (2003).
Attenuation of Helicobacter pylori CagA x SHP-2 signaling by interaction
between CagA and C-terminal Src kinase. J. Biol. Chem. 278, 3664–3670.
Wen,W., Liu,W., Yan, J., and Zhang,M. (2008). Structure basis and unconven-
tional lipid membrane binding properties of the PH-C1 tandem of Rho kinases.
J. Biol. Chem. 283, 26263–26273.
Yeung, T., Gilbert, G.E., Shi, J., Silvius, J., Kapus, A., and Grinstein, S. (2008).
Membrane phosphatidylserine regulates surface charge and protein localiza-
tion. Science 319, 210–213.
Zwaal, R.F.A., Comfurius, P., and Bevers, E.M. (2005). Surface exposure of
phosphatidylserine in pathological cells. Cell. Mol. Life Sci. 62, 971–988.Host & Microbe 7, 399–411, May 20, 2010 ª2010 Elsevier Inc. 411
